Renewable energy sources, including bioenergy, are presently attracting considerable attention as possible substitutes for fossil fuels. Among the various sources of bioenergy, biomass can arguably play a significant role in the reduction of greenhouse gases and the provision of a stable energy supply. However, the use of fossil fuels continues in the production of bioenergy. Consequently, the overall extent to which biomass utilization for energy can reduce carbon dioxide emissions as a substitute for fossil fuels and whether this can improve the energy self-sufficiency rate remains largely unknown. This study responds to these questions using a case of a Japanese rural community using firewood for residential heating. The results showed that woody biomass utilization for energy is able to both reduce the dependence on fossil fuels and mitigate climate change. These findings offer new insights into the development of sustainability in rural communities.
Introduction
Renewable energy sources are presently attracting considerable attention as possible substitutes for fossil fuels. * Corresponding author.
Among these, woody biomass is obviously attractive to those rural communities with access to an abundant supply of forest resources. The utilization of woody biomass for energy offers several key benefits, including job creation, an additional income source for the forestry sector [1] , mitigating global warming, and securing a stable energy supply. Moreover, using renewable biological resources for energy contributes to promoting the creation of a bioeconomy [2] .
While bioenergy, including woody biomass utilization for energy generation, can play a critical role in the mitigation of climate change, there are a number of complicating issues to consider, such as the sustainability of practices and the efficiency of bioenergy systems [3] . For instance, the general assumption is that biomass utilization for energy generation is "carbon neutral" over its life cycle because the combustion of the biomass releases the same amount of carbon dioxide (CO 2 ) as captured by the plant during its growth [4] . However, there are also greenhouse gas (GHG) emissions arising during the production stages because external fossil fuel inputs are required to produce and harvest the biomass feedstock [4] [5] . We must then account for all energy inputs and GHG emissions occurring during the production stages from a life cycle perspective [4] [5] .
Along with these measurement concerns, the indirect effects of promoting biomass utilization for energy may have a negative impact on the reduction of GHG emissions [6] [7] . It is common to use economic models to analyze these indirect effects through prices and markets. For example, Havlík et al. [6] analyzed the effects of indirect land use change caused by increasing needs for biofuel using a partial equilibrium model. Similarly, Deppermann et al. [7] developed an economic general equilibrium model to assess both the direct and indirect effects of the European Union's policies on biomass utilization for energy generation in a global context through the linkages between agricultural and energy markets.
Further, in terms of a secure energy supply, Japan is largely dependent on the import of oil, coal, and natural gas. In 2010, Japan's energy self-sufficiency rate was just 5% [8] . In order to secure a stable supply of energy, alternatives to fossil fuel need to be developed. The expectation is that woody biomass will serve as an alternative energy source and help contribute to increasing energy self-sufficiency.
Unfortunately, the extent to which woody biomass utilization for energy can reduce CO 2 emissions as substitutes for fossil fuels and how this can improve the rate of energy self-sufficiency in Japan remains unknown. This study addresses these important questions using data from a Japanese rural community that uses firewood for residential heating. This is an important area concerning the residential heating via woody biomass may not only contribute to climate change mitigation and the provision of a stable energy supply from a business perspective but may also enhance traditional rural communities in Japan. We offer a new value to Japanese rural life by visualizing its environmental impact.
Although there are some existing studies on the assessment of woody biomass utilization for energy in Japan, these tend to focus on woody biomass utilization for energy as a business [9] - [16] . They also generally analyze woody biomass utilization for energy in Japan using only biomass availability through geographical information systems (GIS) [9] - [11] , the total efficiency of related business projects [12] , the economic and environmental impact using input-output analysis [13] , and the optimization of transportation [14] . Few focus on wood biomass utilization for residential heating [15] [16] . Further, while some of these studies calculated the reduction in GHG emissions associated with woody biomass utilization for the residential heating [15] [16], they did not assess the impact from the perspective of a stable energy supply.
Methodology

Case Study Area
Japan is a country with relatively abundant forest resources; forests cover approximately 68.2% of the total land area. However, with the decline in the prices of forest products and increasing management costs, Japan's forestry industry is facing severe management conditions [8] . As a result, Japan's domestic forest resources are underutilized, and some forests are now at risk of losing their ability to provide multiple environmental functions. With new markets for low-grade forest products, forest owners will be able to use a great array of management techniques to produce higher quality timber, and improve forest health [17] . Therefore, in numerous rural communities in Japan, there has been directed toward using low-grade forest products as sources of woody biomass.
The case study area is Nishiwaga in Iwate Prefecture (Figure 1 ). The total area of the town is 590.8 km 2 with 87% covered by forests. In Nishiwaga, 617 households (25% of all households) use firewood stoves for residential heating [18] . Almost half of the residents who use firewood stoves in Nishiwaga procure their firewood by cutting down the trees themselves [18] . Kunii et al. [15] estimated the amount of technically available firewood stock in Nishiwaga using GIS and found that this was more than one hundred times the amount of firewood consumed each year in the town. This suggests that Nishiwaga has abundant forest resources and that the promotion of firewood utilization by the town's residents may not have a severe negative impact through unsustainable practice and indirect land use change.
Kunii et al. [15] also investigated the economic and environmental performance of firewood utilization in Nishiwaga. However, while they estimated the reduction in GHG emissions from the reduction of fossil fuel use, they did not consider the GHG emissions incurred during the production stages. In this study, we calculate the reduction in GHG emissions by woody biomass utilization for energy from a life cycle perspective by including the GHG emissions during the production stages. Unlike Kunii et al. [15] , we also calculate the enhanced energy self-sufficiency rate arising from firewood use.
Carbon Dioxide Emission Reductions from Firewood Utilization
To estimate the reduction in GHG emissions, we consider two cases as explained below: 1) Baseline for comparison: kerosene, which is the main winter heating fuel in Japan, supplies the energy used for heating purposes for all households in Nishiwaga.
2) Firewood substitution: firewood instead of kerosene supplies the energy used for heating purposes for just 25% of the households in Nishiwaga.
The system boundary for firewood utilization includes tree harvesting, processing and transporting firewood, and burning firewood (Figure 2) . The only GHG measured is CO 2 and the functional unit is the amount of heat consumed by a household in Nishiwaga that uses firewood stoves for residential heating. On average, a household in Nishiwaga consumes 3.5 m 3 of firewood for residential heating annually [18] . In this analysis, we follow Smith's et al. [3] recommendation to calculate CO 2 emissions from a life cycle perspective. As the total volume of woody biomass used in the town is small relative to the volume of woody biomass distributed across Japan, we do not consider any indirect effects, such as land use change and the economic linkage between woody biomass and other sectors through prices and markets [6] [7] .
We calculate the reduction in CO 2 (Reduction total ) by subtracting the CO 2 emissions needed to produce firewood (Emission wood ) from reduction in CO 2 emissions resulting from the reduction in the use of kerosene (Reduction kerosene ), as in Equation (1).
We estimate Emission wood using the data from the verification test results in Nishiwaga-machi [18] and the emission factors for diesel oil and gasoline [19] . Table 1 summarizes the component amounts of diesel oil used for machinery and trucks to produce a functional unit of firewood, summing to 30.1 liters (L) of diesel oil. Among the various work processes, wood splitting requires the largest amount of diesel oil with 40% of total consumption during this process alone. The amount of gasoline used for passenger vehicles and the chainsaws used for harvesting trees to produce a functional unit of firewood is 3.2 L [18] . We calculate Reduction kerosene as follows. We first estimate the amount of kerosene that generates the amount of heat equivalent to a functional unit, being the heat generated from burning 3.5 m 3 of firewood, as described in Equation (2).
Heat BulkDen UnitHeat Conversion
Heat is the megajoules (MJ) of heat generation per 3.5 m 3 of firewood. BulkDen is bulk density, defined as the weight per 1 m 3 of firewood in kilograms per 1 m 3 (kg/m 3 ). UnitHeat is the amount of heat generation per 1 kg of firewood in kilocalories per kg (kcal/kg). We assume the type of firewood is Nara (oak) with 20% moisture content. Conversion is the conversion factor from kcal to MJ. We calculate Heat to be 35,168 MJ using 680 (kg/m 3 ) for BulkDen, 3530 (kcal/kg) for UnitHeat, and 1/238.9 (MJ/kcal) for Conversion. As the heat generated from 1 L of kerosene is 43.38 MJ [20] , the volume of kerosene that generates an equivalent amount of heat to Heat is 812 L.
We then multiply the following emission factors for kerosene to the amount of kerosene to calculate Reduction kerosene . The amount of CO 2 generated from burning 1 L of kerosene is 2.49 kg CO 2 /L [21] , while the CO 2 generated in producing 1 L of kerosene is 155.8 g CO 2 /L [19] .
Carbon Dioxide Emission Reductions from Firewood Utilization
While Japan's energy self-sufficiency rate is currently very low, the expectation is that woody biomass utilization for energy will significantly increase the energy self-sufficiency rate as a domestic energy source. In this study, we calculate the energy self-sufficiency rate from the use of firewood in Nishiwaga (Energy self-sufficiency rate) using Equation (3).
, wood total
Energy self sufficiency rate Energy Energy − =
where Energy wood is the energy supplied from firewood in Nishiwaga in 2009 and calculated by multiplying Heat and the number (617) of households using firewood stoves for residential heating in Nishiwaga. Energy total is total energy consumption in Nishiwaga in 2009. According to the method in the Guidelines of the Agency for Natural Resources and Energy [22] , we calculate Energy total . The method in the guidelines estimates the energy consumption in a municipality by dividing the energy consumption data, published by each prefecture, and using indices such as the production volume and investment in production. Note: The amount of CO2 generated during firewood burning is zero because it is carbon neutral.
Results and Discussion
of CO 2 emissions arising from the use of diesel oil and gasoline during the production of a functional unit of firewood at 86.5 kg CO 2 . Firewood is biomass, and because the amount of CO 2 emitted during burning counts as zero, the amount of CO 2 emitted is 86.5 kg CO 2 . By using a functional unit of firewood in Nishiwaga, a reduction in CO 2 emissions of 2060.1 kg CO 2 (= 2146.6 -86.5) is expected. The CO 2 reduction rate is then 96% (=2060.1/2146.6). The use of firewood by the 617 households can then reduce the amount of kerosene by 500 kiloliters (kL) and CO 2 emissions by some 1271 t CO 2 . Note that while the magnitude of the CO 2 reduction is small in a global context given the small scale, woody biomass as an alternative energy source for residential heating has a relatively high reduction rate in CO 2 .
In terms of comparable results, Kunii et al. [15] estimated that CO 2 emissions per household fell by 1.9 t CO 2 when replacing the use of kerosene with firewood in Nishiwaga. The slight difference in results arises from differences in the following assumptions. First, the way we calculate CO 2 emissions is different. While Kunii et al. [15] did not include the energy inputs and CO 2 emissions needed to produce the firewood, we consider all energy inputs and GHG emissions in the production stages from a life cycle perspective. Second, the tree species used for the firewood and its calorific value differ. Kunii et al. [15] assumed Japanese cedar as the firewood tree species because it accounts for about one-third of the forest area in Nishiwaga and the effective utilization of the residue of harvested Japanese cedar would be ideal. However, we assumed oak as the firewood tree species because it is the most common species used for firewood in Nishiwaga. Despite these differences in assumptions, our results support those in Kunii et al. [15] .
In Table 3 , we list the amount of energy for each sector in Nishiwaga. In one year, the total energy used in the town (Energy total ) is 430 terajoules (TJ), where the residential sector consumes 124 TJ, including the energy used for residential heating, 270 TJ is from petroleum products, and 160 TJ is from electric power.
We calculate the energy from firewood used by the households in Nishiwaga (Energy wood ) as 21.7 TJ. The energy self-sufficiency arising from the use of firewood in Nishiwaga (Energy self-sufficiency rate) described by Equation (3) is then 5%. This corresponds to 23% of the energy used by the households in the town. These results suggest that woody biomass utilization makes it possible to both improve the energy self-sufficiency rate and contribute to the securing of the energy supply, especially in the residential sector. 
Conclusions
Renewable energy sources such as biomass are presently attracting considerable attention as possible substitutes for fossil fuels. Among these, bioenergy can play a significant role in GHG reduction and the securing of a stable energy supply as an alternative energy source to fossil fuel. However, the production of biomass energy also requires the use of fossil fuels. Hence, the extent to which woody biomass utilization for energy can reduce CO 2 emissions as substitutes for fossil fuels and how this can improve the energy self-sufficiency rate remains unknown. This study clarified the reduction in CO 2 emissions and the effect on the energy self-sufficiency rate from the utilization of woody biomass for energy in households. The results showed that the use of firewood for residential heating reduced the amount of kerosene and yielded a significantly high reduction rate in CO 2 emissions, even when all energy inputs and GHG emissions incurred during the production stages were accounted for using a life cycle perspective. This study also showed that the energy generated from firewood accounted for 5% of the total energy consumption in the town and 23% of the energy consumed by the household sector. These results suggested that promoting the woody biomass utilization for residential heating might reduce the amount of CO 2 emissions from households and improve energy self-sufficiency. The results also offer new values for rural life.
In terms of study limitations, we restricted ourselves to a single case and did not consider GHGs other than CO 2 . Some previous studies have pointed out that expansion of biomass utilization for energy at the global level may have a negative impact on the environment through prices and markets. As the study area represents only a small part of Japan, we assumed away indirect impacts in our analysis. We intend to reexamine this assumption in future research.
